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Summary Neonatal seizures may increase neuronal vulnerability later in life.
Therefore, status epilepticus was induced with kainate (KA) during the first and
second postnatal (P) weeks to determine whether early seizures shift the window of
neuronal vulnerability to a younger age. KA was injected (i.p.) once (1 KA) on P13,
P20 or P30 or three times (3 KA), once on P6 and P9, and then either on P13, P20 or
P30. After 1 KA, onset to behavioral seizures increased with age. Electroencepha-
lography (EEG) showed interictal events appeared with maturation. After 3 KA,
spike number, frequency, spike amplitude, and high-frequency synchronous events
and duration were increased at P13 when compared to age-matched controls. In
contrast, P20 and P30 rats had decreases in EEG parameters relative to P20 and P30
rats with 1 KA despite that these animals had the same history of perinatal seizures
on P6 and P9. In P13 rats with 1 KA, silver impregnation, hematoxylin/eosin and
TUNEL methods showed no significant hippocampal injury and damage was minimal
with 3 KA. In contrast, P20 and P30 rats with 1 KA had robust eosinophilic or TUNEL
positive labeling and preferential accumulation of silver ions within inner layer CA1
neurons. After 3 KA, the CA1 but not CA3 of P20 and P30 rats was preferentially
protected following 3 or 6 days. Although paradoxical changes occur in the EEG with
maturation, the results indicate that early perinatal seizures do not significantly shift
the window of hippocampal vulnerability to an earlier age but induce a tolerance that
leads to long-term neuroprotection that differentially affects endogenous properties
of CA1 versus CA3 neurons.
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2 H. Liu et al.Introduction
In adult rodents, kainic acid (KA) and pilocarpine
induce status epilepticus cause variable neuronal loss
of CA1, CA3, and hilar subregions and subsequent
synaptic reorganization in the form of mossy fiber
sprouting.1—4However, susceptibility toKA injuryand
variabilityof subsequenthippocampal lesionsdepend
upon seizure severity response, developmental age
and the animal species and strain injected.5—7 In
immature rodents, during the first two weeks of life,
physiological studies show that expression of inhibi-
tory events in CA1 neurons are delayed.8,9 During this
period, the brain is relatively resistant to hippocam-
pal lesions and synaptic reorganization following a
single episode of KA-induced status epilepticus or
kindling induced seizures.10—15 However, similar to
adults, neuronal vulnerability depends on animal
species, strain and age differences.16 For example,
CA1 vulnerabilitywas reported as early as P10 follow-
ing pilocarpine injection in rabbits,17,18 whereas CA1
injuryappears in the3rd—4thweeks intoyoungWistar
rats.19—21 If seizure conditions are very severe, such
as prolonged electrical stimulation of the perforant
path (e.g. 16 h),18 or if status epilepticus is main-
tained by corticotropin release hormone,22 neuronal
injury also appears in the CA1 subfield in 2—4 weeks
of life. It should be noted in the immature brain that
reported changes in morphology might be transi-
tory11,23,24 and related to age-dependent differences
in seizure-induced metabolic increases.25
Several studies suggest that animals with a his-
tory of postnatal seizures were predisposed to more
seizure-induced damage later in life. For example,
electroconvulsive seizures induced between P2 and
P11 or generalized flurothyl seizures induced in
4-day-old rat pups irreversibly decrease brain DNA
content, cell number, cell size and total brain
weight.26—28 Similarly, flurothyl seizures induced
during the first postnatal week had a significant
reduction in post-mitotic pyramidal cell number
when subsequent KA seizures were induced at P20
or adulthood compared to animals without a history
of neonatal seizures.29 In addition, previous expo-
sure to KA at P15, an age still resistant to neurode-
generation, results in greater damage when a
second KA episode of status epilepticus is induced
at P45.30 On the other hand, seizure activity induced
later in life by electroconvulsive seizures had no
effect on brain weight, size or cell number.26 In
addition, when numerous generalized seizure epi-
sodes were induced by flurothyl during the 2nd
postnatal week, resistance to cell loss prevailed
in adulthood; however, changes in mossy fiber
sprouting, seizure susceptibility, and learning defi-
cits were evident.31,32In contrast, a single short episode of KA-induced
status epilepticus or electroconvulsive shock
induced in adult rats produced an epileptic toler-
ance such that vulnerable neurons were protected
from injury.33—36 Moreover, in other neurodegenera-
tive models, brief ischemia or hypoxia prior to a
second insult of longer duration also protects CA1
hippocampal neurons from injury or reduces infarct
volume37—39 and audiogenic seizures reduce CA1
susceptibility to kindling in ex vivo slice prepara-
tion.40 Therefore, the timing, type and extent of the
first or second seizure episode may be important for
subsequent consequences on seizure susceptibility
(or other insults) and neuronal vulnerability of the
hippocampus at different stages of maturation. To
determine the effects of early perinatal seizures on
the evolution of the first appearance of post-mitotic
neuronal damage, the present study injected KA
once (1 KA) or three times (3 KA) to rats during
the first, second, third and fourth weeks of post-
natal development. The effects on histological out-
come and EEG activity were compared with P60
adults with 1 KA. In contrast to our expectations,
perinatal status epilepticus in the first postnatal
week significantly protected CA1 but not CA3 neu-
rons at the prepubescent ages examined. The
results raise questions concerning the mechanisms
underlying this phenomenon and its potential clin-
ical significance.
Methods
Seizure induction
Kainic acid (KA) was administered to male and
female Sprague—Dawley rats of several postnatal
(P) ages housed in our own accredited animal facility
in accordance with NIH guidelines. In attempt to
mimic a clinical situation, status epilepticus was
induced with KA in the first and second postnatal
weeks and then a third seizure was induced in the
prepubescent period when histological damage of
hippocampal pyramidal neurons first becomes
apparent. Appropriate doses of KA for each age
group were used to induce status epilepticus as
previously described,11,14,32 (P6, 2 mg/kg, s.c.),
(P9, 2 mg/kg, s.c.), (P13, 2.5 and 4.0 mg/kg,
i.p.), (P20, 7 mg/kg, i.p.) (P30, 15 mg/kg, i.p). At
the middle age (P13), a dose of 4.0 mg/kg of KA
typically used to induce sustained status epilepticus
for this age killed the pups with a history of seizures
on P6 and P9 therefore a lower dose (2.5 mg/kg) was
also used to induce life sustained seizures after
repeated episodes of KA. Animals were divided into
three experimental groups: Groups I, II and III (see
Protection of early-life seizures 3
Table 1 Experimental design of KA injections.
1 KA N 3 KA N
Group I P13 16 P6, P9, P13 12
Group II P20 16 P6, P9, P20 14
Group III P30 12 P6, P9, P30 10
Animals received one KA injection per day on P13, P20, or P30
(1 KA) or on P6, P9, and P13, or P20, or P30 (3 KA). Age-
matched controls for each experimental group were treated
with equal volumes and numbers of PBS injections.Table 1). All experimental groups had age-matched
control littermates that received equivalent
volumes of PBS (pH 7.4), n = 4 or 5 per age group.
P13 experimental pups were compared with con-
trols given either dosage of KA and P6—P13 control
pups were away from their lactating mother for the
same length of time as KA treated pups to avoid
stress differences. Following the KA injection rats
were placed into a clean and comfortable cage.
After the seizure recording observation period,
young control and experimental animals were
returned to their lactating mother and mature ani-
mals to their cages. P13 pups were sacrificed at 1
and 3 days after KA-induced status epilepticus and
P20—P30 animals were sacrificed at 1, 3 and 6 days
after their last seizure. Patterns of damage from 3
and 6 days were compared with adult P60 rats
injected with KA (15 mg/kg) that were sacrificed
after 48 h, a time when acute damage is well known
to be present at this age.3,41
Seizure scoring
At the younger age groups, P6 and P9, seizure sever-
ity ratings were similar for all animals used in theTable 2
Age Scratching
onset
(min)
FLC/tonus
onset
(min)
Spike
onset
(min)
Bur
ons
(mi
P13 1 KA 22.4  1.1 44.3  5.9 29.3  2.5 48.6
3 KA 24.8  1.47 46.1  1.03 25.7  4.0 56
P20 1 KA 29.1  2.1 59.1  2.9 15  3.4 24.1
3 KA 31.28  4.2 72  14.2 * 21.6  2.6 24
P30 1 KA 34.3  2.22 60.2  6.9 16.2  3.4 2
3 KA 32.6  3.8 66.4  9.25 19.4  4.2 2
Values expressed represent themean  S.E.M. of behavior and spike
synchronous episodes in the EEG after 1 KA or 3 KA at three postna
the animals and across the ages, EEG amplitude was measured within
ANOVA followed by Tukey post hoc protection was used for statisti
* p < 0.05 (significance).
** p < 0.001 (significance).
*** p < 0.0001 (significance).study and the system of rating was based on pre-
sentation of a specific behavior such that animals
lose postural control and undergo long bouts of lying
on one side in a tonic position (side tonus). This
behavior had to be periodically present for at least
1.5 h for the animal to be continued in the study and
to receive a subsequent seizure. P13 controls with
1 KA and higher doses were scored according to
their behaviors on a scale of 0—4 with side tonus
rated as the highest score and scratching as the
lowest. P13 rats with 1 KA and lower doses of KA
were not required to reach the highest stage and thus
served as a second control group for P13 pups with
3 KA that had acquired a lower threshold. Rated
scores were averaged and subjected to statistics. For
the older age groups (P20) seizure rating was
determined using the Racine method as previously
described.42 After the onset to seizures (20—30 min),
seizure behavior was recorded every 5 min for 2 h.
Seizure behaviors were scored on a scale of 0—7 with
0 representing normal behavior and 7 representing
death. The highest stage seizure related activity
(stage 6) included behaviors such as wet dog shakes,
frothing, continuous head bobbing, forelimb clonus
with rearing and jerking, circling, etc. These beha-
viors typical of older animals were recorded after
seizure onset (e.g. scratching) and each animal was
given a seizure behavior score (0—6). The number
scored was multiplied by the number of 5 min inter-
vals recorded over 2 h so that the total raw score was
equal to the sum of these score numbers. Raw scores
less than 50 were assigned a rating of 1, those
between 50 and 79 received a rating of 2, and those
with 80 and above received a rating of 3 (see
Table 2). Thus, numbers were normalized across
the age groups for statistical analysis.st
et
n)
Spike
amplitude
(V)
Burst
frequency
(N)
Burst
duration
(min)
7  6.3 6.8  0.35 2.0  0.85 0.78  0.26
.6  8.8 13.4  0.62 ** 4.8  0.65 * 10.2  0.16 *
4  1.83 16.8  0.33 35  5 0.65  0.05
.5  3.7 11.7  0.30 *** 19  4.7 * 0.38  0.14 *
4  3.5 15.9  0.48 23  7 18.05  0.03
2  9.1 12.9 0.97 17.2  7.5 0.51  0.11 **
latency, the amplitude (V), frequency and duration of high-burst
tal ages. Due to a wide range of spike amplitude events between
a range to exclude signals below 5mV, or above 18 mV. One-way
cal analysis. FLC: forelimb clonus.
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P13, P20, P30 and P60 age groups were anesthetized
with amixture of 70 mg/kg ketamine and 6 mg/kg of
xylazine. Bipolar electrodes were steriotaxically
implanted into the right hippocampus as described
previously43 (coordinates in mm with respect to
bregma of P13 pups: AP: 3.2; L: 2.4; D: 2.4;
incisor bar at 3.5). The electrodes were perpen-
dicular, angled at 08 from the vertical sagittal plane.
After surgery, rat pups were kept warm in a box
under an incandescent lamp then returned to their
lactating mother. Pups recovered from anesthesia
and became active 1—3 h following the surgery.
Baseline EEG recordings were obtained before KA
administration. Spike activity was analyzed and
compared from rats with 3 KA on P6, P9, P13;
(n = 8), P6, P9, P20 (n = 6) or P6, P9, P30 (n = 5) with
rats with 1 KA at P13 (n = 15), P20 (n = 11), or P30
(n = 5). PBS injected control rats were also used for
baseline comparison. Electrode placement into the
CA1 was verified histologically with thionin staining
for EEG off-line analysis.
Nissl stains
Hematoxylin/eosin and thionin staining were car-
ried out on serial air-dried sections from brains
processed for immunohistochemistry to monitor
eosinophilia and/or cell loss from all animals. At
least four slides with 3—4 sections per slide were
prepared from no seizure PBS controls, 1 KA and
3 KA animals (n = 6) and injured cells were counted
under phase contrast microscopy as described below
for the silver stain.
Silver impregnation
Adult and pup rats were anesthetized with a lethal
dose of sodium pentobarbital and perfused intra-
aortically with ice cold 0.9% saline followed by 400
or 200 ml of 4% PFA in PBS, respectively. Brains were
removed rapidly, blocked, and immersed in the
same fixative overnight at 4 8C then transferred to
cold PBS until use. Fresh vibratome sections (40 mm)
from animals of the four ages tested were processed
simultaneously with a standard silver impregnation
procedure in order to minimize inter-staining dif-
ferences.44 Sections (40—50 mm) were washed in
water (3—5 min each), and then pretreated with
2% NaOH and 2.5% NH4OH. Sections were then incu-
bated with silver impregnation solution (0.8% NaOH,
2.5% NH4OH and 0.5% AgNO3) for 10 min. After
washing, sections were developed in a silicotung-
state developer until sections turned golden-brown.
Sections were mounted onto slides then washed in0.5% acetic acid, dehydrated in graded ethanols,
coverslipped and examined under the microscope.
TUNEL stain
In situ labeling of DNA fragmentationwas carried out
in control and experimental animals. A commer-
cially available labeling kit was used (Oncogene).
Rats were perfused with 4% PFA in PBS. Brains were
postfixed for 12 h. Sections were cut at 30 mm in a
vibratome, mounted onto poly-L-lysine coated slides
and heat dried. The sections were digested with
proteinase K (0.02 mg/ml in 10 mM Tris, pH 8) for
20 min at 23 8C, followed by incubation with 3% H2O2
to inactivate endogenous peroxidases, washed,
then incubated with terminal deoxynucleotidyl
transferase (TdT) (0.1 U/ml). As a negative control,
sections were incubated in TdT buffer containing
biotin-dUTP but in the absence of TdT enzyme. The
TdT reaction was stopped with 2 SSC (wash
2  10 min), then sections were blocked in 1% BSA
and incubated in avidin/biotin/peroxidase complex
(ABC) for 45 min. The reaction product was visua-
lized with a standard DAB reaction (0.05% DAB
and 0.004% H2O2) for 6—8 min and sections were
lightly counterstained with 1% methyl green. Sec-
tions were dehydrated in a series of graded etha-
nols, cleared in xylene and coverslips were applied
with Permount.
Cell counting and CA1 thickness
Quantification of stereological methods was car-
ried out on sections after silver, TUNEL, and
H&E staining as previously described.45 To avoid
overlap of cell counts, the number of silver
impregnated, TUNEL and H&E stained cells were
measured from the entire dorsal hippocampus
from at least four coronal sections per level per
animal. For separating inner and outer layer
counts, an imaginary line was drawn through the
center of the CA1 layer in the horizontal plane.
Counts falling below the line were considered as
inner layer injured neurons and both inner and
outer-labeled cells were counted and statistically
analyzed. Numbers were averaged from dorsal
hippocampal levels (every 5th and 15th section
between 2.2 and 4.52 mm from Bregma46).
Injured and healthy cells were counted by using
a grid reticule with a 20 lens and manual counter
by an experimenter blind to the conditions. All
injured cells of the dorsal hippocampal levels were
counted from the tree age groups and averaged.
Healthy cells were counted and averaged in con-
trol and experimental P20—P30 rats in 3 mm2 sec-
tors along several areas of the CA1 region to
Protection of early-life seizures 5determine if any cells had dropped out in this
region following single or multiple early-life sei-
zures. Numbers of injured and healthy cells were
averaged from each area and subjected to statis-
tics. After silver, TUNEL, and H&E sections were
scanned with a digital camera and Olympus Micro-
scope into a Gateway computer, the thickness of
the CA1 layer was also measured blindly with a
measurement tool from Neurolucida software to
determine if the CA1 cell layer had shrunken in the
absence of cell loss after seizures.
Statistical analysis
Significant differences were determined from
counting the numbers of healthy and injured cells
with the three neurodegenerative stains used.
Values were compared between PBS, 1 KA and
3 KA animals with one-way ANOVAs and two-way
ANOVAs to account for seizure and age differences.
For multiple comparisons Tukey and Fishers Least
Square Protection stringency tests were used. Ani-
mals that did not show protection from the neonatal
seizures were averaged alone and with other sub-
jects for parametric statistics. The Wilcoxon signed
rank test was also used to compare injury after 1
KA and 3 KA because not all animals showed the
same pattern of damage. The Pearson product
moment correlation coefficient (r) was also calcu-
lated for comparing numbers of injured cells acrossTable 3 Pattern and extent of silver stain damage 3 days
Treatment N Seizure/score CA1 CA2
P13 1 KA
(2.5 mg)
A (n = 8) 1.79  0.18 * 1  0.3 0
P13 1 KA
(4.0 mg)
A (n = 8) 3.0  0.6 1  0.9 0
P13 3 KA
(2.5 mg)
A (n = 8) 3.0  0.8 0 0
P20 1 KA B (n = 14) 2.6  0.2 760  88*** 52 
C (n = 2) 3.5  0.5 58  9 10 
P20 3 KA D (n = 10) 2.9  0.1 2  1*** 2 
B (n = 4) 3.3  0.5 493  55 39 
P30 1 KA B (n = 10) 2.8  0.1 824  10*** 40 
C (n = 2) 3.0  0 37  17 6 
P30 3 KA D (n = 7) 3.0  0 139  51** 6 
B (n = 3) 3.0  0 719  249*** 18 
A = no damage; B = preferential CA1 damage; C = preferential CA3 d
tions and patterns of damage from KA administration are shown as
postnatal ages (P13, P20, and P30). Numbers were compared with na
CA1: P20 1 KA vs. P20 3 KA, p < 0.001; P30 1 KA vs. 3 KA, p
significantly lower seizure score than P13 pups with 3 KA and the sa
P30 ages groups. Seizure rating scores were 0, 1, 2, or 3, p < 0.00
* p < 0.5 (significance).
** p < 0.01 (significance).
*** p < 0.001 (significance).the ages with endogenous seizure severity score
after 1 KA and 3 KA. Significance was set at
p < 0.05 for all tests.
Results
Behavioral effects of 1 KA and 3 KA
with age
Control and experimental animals were grouped
according to age and number of KA seizures (Groups
I—III) (see Table 1). The experimental design of KA
administration was to inject KA intraperitoneally
once or three times. To assess seizure-induced
damage one injection (1 KA) was given on P13,
P20 and P30. To assess the effects of two neonatal
seizures at the older ages, three separate injections
(3 KA) were given each on P6, P9, and P13, P20 or
P30. The severity of age-dependent seizure mani-
festations of KA was recorded in the EEG (Table 2)
and behavior was also scored for all animals using
the Racine method (see Table 3). There were two
control groups: Age-matched naı¨ve controls
received either 1 or 3 injections of vehicle (PBS)
for histological comparisons. Since naı¨ve animals do
not have seizures, seizure behavior and EEG activity
were compared with 1 KA treated animals and
served as the seizure control group for 3 KA trea-
ted animals.after 1 KA and 3 KA at P13, P20 and P30.
CA3a CA3bc/Hilus DG Total
1  0.3 1  0.4 0 3  1.1
1  0.4 0 0 2  0.3
0 0 0 0
12 98  18. 2  1.7 * 0 912  109
10 189  34 0 0 259  16
1.7 * 20  9.3 6  5.8 3  3.3 33  13*
12 80  5 0 0 623  60
8 129  23 71  27 5  2 1070  119
4 257  91 397  155 270  249 968  517
1.8 78  13 67  45 5  4 295  76
4.5 146  36 174  144 3  2.6 1059  141
amage; D = CA1/CA2 protective pattern. Behavioral manifesta-
an average rating  S.E.M. following 1 KA and 3 KA at three
ı¨ve controls and with one-way ANOVA and multiple comparisons:
< 0.001. P13 pups with one injection of KA (2.5 mg/kg) had a
me dose. There were no significant differences between P20 and
4)
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Figure 1 Intrahippocampal EEG recordings after 1 KA
or 3 KA at P13 and P20. (A) P13 pups and 1 KA showed
moderate amounts of high-synchronous activity at
2.5 mg/kg; (B) P13 pups with a previous history of seizures
on P6 and P9 showed an increase in number of spikes and
high-synchronous train activity at the same dose of KA. (C)
At P20, rats showed rapid high-synchronous activity after
1 KA at 10 mg/kg. (D) After 3 KA, high-frequency
spiking was reduced in amplitude and duration with the
same dose of KA.After 1 KA, the two youngest ages (P6 or P9)
exhibited status epilepticus with 2.0 mg/kg KA in
approximately 90% of the animals within 15—30 min
after injection, similar to other studies.10—12,14 Sei-
zure behavior included scratching, salivation,
hyperactivity, rolling, arrested posture with ataxia
and long bouts of lying on one side with full body
tonus (side tonus) percentage of animals (10%) died
within 2 h of the injection. At P9 and upon their
second injection of KA, seizures and behavior were
similar as the P6 pups with 1 KA. At P13, 1 KA (at
4.0 mg/kg) induced typical seizure manifestations
as rolling, swimming, and tonic behaviors, however
P13 pups with previous injections of KA on P6 and P9
died at this dose indicating a higher mortality at this
age with a history of neonatal seizures. In contrast,
a 2.5 mg/kg KA dose administered on P13 resulted in
automatisms such as scratching and upright body
tonus without loss of postural control. However, P13
pups with 3 KA (KAwas administered on P6, P9 and
P13 at 2.5 mg/kg) had additional behaviors includ-
ing loss of postural control, body tonus on one side,
and continuous tremor of fore and hind limbs being
similar to the higher dose and other published
observations (Liu et al., 2003). In addition, the
P13 pups with 3 KA had higher seizure rating scores
than age-matched controls with 2.5 mg/kg doses of
1 KA but they had similar seizure scores as naı¨ve
P13 pups with higher dose injections (4.0 mg/kg)
(Table 3). Interestingly, at the two older ages P20 or
P30, manifestations of status epilepticus occurred in
most rats (90%) whether they had or had not a
history of neonatal KA-induced seizures. These
included continuous head nods, wet dog shakes,
salivation, rearing with forelimb clonus, jerking,
running and jumping. Statistical analysis showed
that seizure severity score was high and similar
for all three ages at the doses of KA used. One-
way ANOVA followed by the stringent Tukey test
showed that the onset to behavioral seizures sig-
nificantly increased with maturation in control ani-
mals with 1 KA (Table 2. F = 10.28, p < 0.001).
Moreover, onset to forelimb clonus, a manifestation
typical of the older ages that is also associated with
hippocampal damage, was significantly delayed but
only in the P20 but not P30 age group with 3 KA
relative to 1 KA age-matched animals ( p = 0.032,
Tukey test) (Table 3).
Electrographic activity is inversely related
to age and early perinatal seizures
EEG recordings were compared after 1 KA and
after 3 KA at the same ages and times. Baseline
recordings were obtained for 10 min for each animal
prior to KA injections. After 1 KA and no priorseizure history, the EEG recordings revealed age-
dependent effects. As expected, the lower dose of
KA (2.5 mg/kg) administered to P13 rats showed
rhythmic spikes were less frequent and of smaller
amplitude relative to P13 pups with 4.5 mg/kg and
P20 and P30 age groups with 1 KA (Fig. 1 and
Table 2). When comparing the higher doses of 1
KA, the onset of single spikes and burst activity (high
synchronous events) decreased with maturation in
the EEG but pairwise multiple comparisons showed
that spike onset was similar in P20 and P30 rats (two-
way ANOVAs F2,22 = 7.81, p = 0.003, Tukey test). EEG
spike amplitude and burst duration of synchronous
events increased with age (F = 235.7, p < 0.001) but
burst frequency was not altered by age (F = 6.65,
p = 0.131) or seizure treatment ( p = 0.364).
After 3 KA, the P13 age showed spike onset
was not faster than 1 KA treated animals with the
same dosage of KA (Table 2). However, P13 pups
with 3 KA showed significant increases in spike
amplitude, burst frequency and burst duration
(Fig. 1 and Table 2) consistent with studies of
neonatal seizures induced with flurothyl during
the first 10 days of life.47 The opposite was
observed in P20 animals with 3 KA. They showed
significant reductions in the number and average
duration of high-frequency synchronous events
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doses of KA in age-matched control animals. At P30
and 3 KA, the number of burst events was unal-
tered compared to P30 rats with 1 KA, but dura-
tion of high-burst activity was significantly shorter
(Table 2).
Age-dependent patterns of hippocampal
damage after 1 KA
Histological consequences of single and multiple
systemically induced neonatal seizures were
examined with Nissl, silver impregnation, and
TUNEL staining methods at P13, P20 and P30. At
P13 with 1 KA, no apparent signs of neuronal
injury were detected in the hippocampus 2 or 3
days after seizure induction at the lower dose of KA
used for this age group (not illustrated). Lack of
argyrophilic label at the higher dosage of KA
(4.0 mg/kg) was also observed at these time points
(Fig. 2A and Fig. 3A and B). At P20 and 1 day after
1 KA, no apparent hippocampal damage was
detected under light microscopy (not illustrated).
In contrast, P20 rats had abundant argyrophilic
cells after 3 or 6 days following 1 KA (Figs. 2
and 3 and Table 3). Hematoxylin/eosin and TUNEL
stains marked the CA1 and CA2 injured cell somata
of the inner layer but they did not have obviousFigure 2 Low magnification photomicrographs of age-dep
impregnation after 3 days. (A) KA seizures (4.0 mg/kg) at P13 r
P20, 1 KA produced robust injury that was preferential to t
neurons were labeled by the silver stain (arrow). (C) At P30,
(arrows), but many scattered neurons of the CA3a were also ar
pattern reversed such that CA3a-c and hilus were predomin
arborizations (grey color); few CA1 neurons were labeled. 40apoptotic features (i.e. apoptotic bodies) (Fig. 4).
Dendrites of CA1 neurons were minimally or not
labeled by any of the three histological methods
suggesting recovery may eventually be possible at
these young ages. Healthy cells of the outer CA1
layer neurons were round with normal cytoarchi-
tecture similar to control animals lacking injury
(Figs. 3 and 4).
Two patterns of hippocampal injury were
revealed at P30 (Fig. 5A). Either the CA1 and
CA3a regions were rich in silver labeling resembling
the P20 pattern or the CA3/hilus was predominantly
affected that resembled the adult P60 pattern. The
number of CA3 injured cells increased from P20 to
P30 and further increased after 3 KA at P20 and
P30 even though the CA1 was protected (Fig. 5B). At
P20, only 2 of 16 animals showed preferential CA3
damage and these two showed minimal damage to
the CA1 (Table 3). Two other animals showed similar
CA1 and CA3 damage with the silver stain but the
total number of cells affected was much less than
the other animals with a similar seizure behavior
score (total: 259  16, CA1: 58  9, CA3: 189  34).
Therefore, seizure severity did not always correlate
with extent of cell injury. Four animals (of 14)
with 3 KA showed partial protection relative to
P20 rats with 1 KA and were therefore averaged
and analyzed both together with all subjects andendent KA seizure-induced neurodegeneration by silver
esulted in control labeling and minimal argyrophilia. (B) At
he CA1 subregion (between arrows); few scattered CA3a
the CA1 was still preferentially marked by the silver stain
gyrophilic and the hilus was spared (arrow). (D) At P60, the
antly affected with high intensity labeling of dendritic
 magnification.
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Figure 3 Highmagnification of CA1 (top panels) and CA3 (bottom panels) 3 days after KA and silver impregnation. (A and
B) CA1 and CA3 neurons were predominantly spared at P13. (C and D) At P20 the CA1 inner layer was preferentially
affected; silver deposits were restricted to the cell body. (E and F) At P30, CA1 inner layer cell somata were more
vulnerable, but outer neurons were also affected. CA3 somata labeled throughout the layers but to a much lower extent.
(G and H) At P60, the CA3 was preferentially affected. Somata and dendritic terminations were prominently labeled.
Scale = 100 mm.separately (CA1: 493  55, CA3: 80  5, n = 4,
t-test, p < 0.004). At P30, extensive CA1 damage
was also predominant in most of the animals
(Fig. 2C); however, increasing injury of the CA3
was also co-apparent at this age (Table 3 and
Fig. 5A and B). Two of 12 animals showed prefer-
ential CA3 damage and these animals also showed
minimal damage to the CA1 (Table 3 and Fig. 5A andFigure 4 Photomicrographs of hematoxylin/eosin and TUNEL
Control hematoxylin/eosin staining showed normal round nucl
nuclei after 1 KA. (C) Control TUNEL labeling showed round so
were selectively marked by the TUNEL stain, but did not exhiB). CA2 and hilar injury were also observed in P30
rats but it was not as prominent and this region could
be distinguished easily with the silver stain (Fig. 5A).
Some CA3 dendrites were marked by the silver stain
but not nearly to the same extent as P60 rats. In P60
rats with 1 KA and at 48 h the opposite pattern of
injury was observed such that degenerative stains
showed the preferential damage was in the CA3stained sections of the CA1 at P20 and 3 days after KA. (A)
ei. (B) Inner CA1 neurons were eosinophilic with shrunken
mata with normal cytoarchitecture. (D) Inner CA1 somata
bit typical apoptotic features after 1 KA. Scale = 50 mm.
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Figure 5 (A) Silver impregnation reveals two patterns of hippocampal injury at P30. (A) Abundant (row) and CA3a injury
are observed after 1 KA (40 magnification). (B) In a few animals, CA3/hilar cell bodies are injured whilst the CA1 is
spared. Percentage of animals with hippocampal injury at P20—P30 shows CA3 injury increases with maturation and
further increases after 3 KA even though the CA1 is simultaneously protected.whereas the CA1 and CA2 regions were predomi-
nantly spared (Figs. 2 and 3D). In adults, the cell
somata were argyrophilic and also the entire den-
dritic network of CA3 and hilar interneurons that
project to the CA1 stratum radiatum and inner
molecular layer of the dentate gyrus were intensely
labeled (Figs. 2D and 3). Thus, damage increased
and was more robust as a function of age and moved
from the CA1/CA2 to the CA3/hilus withmaturation.
Counting the number of total and regional silver
stained neurons then subjecting the numbers to
statistical analysis confirmed the preferential CA1
injury (F = 36.01, p < 0.001, Table 3). Eosinophilic
cell and TUNEL stain counts were also consistent and
positively correlated with the silver stain (CA1:
723  27, CA3: 68  6 and; CA1: 683  27, CA3:
78  5.4, n = 6, respectively). Multiple pairwise
comparisons showed both CA1 (p < 0.01) and CA2
( p = 0.003) subfields had more silver, H&E and
TUNEL labeled cells than the CA3a-c subregions of
the same sections when compared individually at
both ages ( p < 0.001). In addition, most of the
injured cells of the CA3 were located in the CA3a
region as this area had significantly higher number of
injured cells whether it was compared with the
CA3b/hilus (p = 0.003) or DG (p = 0.003). In con-
trast to the CA1, CA3 injured neurons were equally
distributed within inner and outer layers (CA3: inner
49.5% versus CA3 outer 50.5% of total CA3 injured
cells). Unlike adults, injured neurons were nearly
absent in the hilar region (Table 3).
When comparing the inner versus outer CA1
layers after 1 KA, the percentage of injured cells
calculated was significantly higher within the CA1
inner layers while the outer portion was predomi-
nantly spared (CA1: inner 77.4  3% versus CA1:
outer 22.6  6.3% of total CA1 injured cells
(Fig. 6A). Counting healthy cells showed that theirnumber declined in the outer layer after 1 KA at
the P20 and P30 ages (Fig. 6B). While there was a
trend of less healthy cells counted after 3 KA
compared to control PBS injected rats, the
decreases in number did not reach statistical sig-
nificance suggesting that few or no cells actually
drop out after single or multiple injections of KA at
the ages examined. The three degeneration stains
used preferentially labeled shrunken cell bodies of
the inner CA1 and CA2 subregions (Figs. 2B, and 3C—
D); therefore the thickness of the CA1 cell layer was
also calculated with Neurolucida software. Although
the number of healthy cells did not significantly
decline, there was a trend for the CA1 layer to be
thinner at P30 and 1 KA and the reduced thickness
was significant at P30 with 3 KA suggesting cell
shrinkage but not cell loss occurred throughout the
CA1 layers at the older age, however this shrinkage
was not significantly different from the P30 rats
treated with 1 KA (Fig. 6C).
Lack of correlation between seizure score, pat-
tern, and extent of hippocampal damage. Although
seizure score was positively correlated with total
number of injured cells after 1 KA in adult P60 rats
(i.e. damage extent) (r = 0.86, p < 0.001), there
was no significant relationship between seizure rat-
ing and injured cell count at P20 or P30 (r = 0.216
and0.386, p > 0.05, respectively). In other words,
high seizure ratings were not always correlated
with high numbers of injured neurons at these pre-
pubescent ages studied. In addition, there was no
correlation between seizure score and type of
damage observed such that either CA1 or CA3
damage was apparent irrespective of seizure rating
(P20: CA1: r = 0.22; CA2: r = 0.348; CA3a:
r = 0.45; CA3bc/hilus, r = 0.374; DG: r = 0.26). In
contrast, the CA1 and CA2 damage were co-existent
and positively correlated (P20: r = 0.89, p < 0.0001
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Figure 6 (A) Percentage of injured pyramidal neurons of
inner layer CA1 neurons labeled with the silver stain after
1 KA at P20 and P30 significantly increased from PBS
controls and other areas. (B) Percentage of healthy
appearing neurons of the CA1 significantly declined after
1 KA at P20 and P30 but not after 3 KA. (C) Thickness of
CA1 layer (mm) was shrunken after 3 KA and P30 when
compared with PBS controls but not when compared with
P20 or P30 rats with 1 KA. Error bars represent the
standard error of the mean (S.E.M.) of values from five
to eight animals in panel A and n = 7 in panels B—C. CA1
thickness showed a significant decrease after 3 KA when
compared with PBS controls (*p < 0.05; **p < 0.001;
***0.0001, one-way ANOVA).whereas CA1 with CA3/hilar or DG damage were not
(r = 0.06, p = 0.8, r = 0.19, p = 0.055, respec-
tively). If animals exhibited damage within the
CA3a area then this was positively correlated with
CA3b-c/hilus r = 0.762, p < 0.01) and DG damage
r = 0.662, p < 0.05).
Perinatal seizures induce long-term
neuroprotection of CA1 neurons
Most animals of Group II (P20) and III (P30) with a
history of neonatal seizures showed the CA1 was
preferentially protected in all age groups whereas
the CA3 was not spared. At P13, rats with 3 KA
and 2—3 days post status epilepticus, histological
injury of the CA1 was absent. In contrast, a few
scattered silver impregnated neurons were identi-
fied and counted under light microscopy in the CA3
and dentate gyrus (Table 3). At P20 with 3 KA and
3 days, one-way ANOVAs followed by multiple
comparisons showed the number of CA1 injured
neuronal somata labeled by the silver or H&E
stains, were markedly reduced in 10 of 14 animals
( p < 0.001) (Fig. 7). The majority of P20—P30
animals had over 400 injured CA1 neurons after
1 KA but less than 200 injured cells after 3 KA.
In the CA3 almost all values were either under or
over 100, therefore; these were assigned a rank of
1 or 2, respectively, and then subjected to the
Wilcoxon signed rank test. After 1 KA the injury
of the CA1 was greater than the CA3 (P20:
W = 63, p < 0.05, n = 16) but not after 3 KA
(P20: W = 6.0, p < 0.25 n = 16). There was also
protection in the CA2 subregion; injured neurons
were also significantly reduced (Table 3). Para-
metric statistics showed that the decreased num-
ber of CA3 and hilar neurons counted in CA1
protected animals after 3 KA did not reach sta-
tistical significance unless the four animals with
partial protection were averaged out separately
(Fig. 7E). At P30 and 3 days, significant reductions
in silver impregnated neurons of the CA1 but not
CA3 subregion were also observed but to a lesser
extent than that observed at P20 (Fig. 7). Similar
percentages of injured cells were found with the
H&E and TUNEL stains. Thus, there was a neuro-
protective effect that was region dependent. Pro-
tection was highly specific to the CA1 and CA2 and
not the CA3 subregions.
At 6 days, P20 and P30 animals with 1 KA showed
similar patterns of injury described at 3 days except
for that the number of injured cells in CA1 at 6 days
was significantly higher compared to the 3-day time
point (CA1 3d: 2  1, n = 9; versus CA1 6d: 28  15,
n = 6, p < 0.05). After 3 KA, The CA1 protective
pattern was still observed (CA1: 497  77 versus
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Figure 7 Stereological estimation of the number of injured cells with silver impregnation. (A) Control P20 hippo-
campus. (B) P20 rat with 1 KA and 3 days after the last seizure shows robust CA1 injury. (C) P20 rat with 3 KA and 3 days
after the last seizure shows neuroprotection of CA1 but not CA3 (arrow) neurons with 3 KA. (D) Quantification of P20 age
groups after 1 KA shows CA1 is significantly rich in injured cells compared to CA3 of the same animals (P20: t = 5.61
p < 0.001, n = 16) andwhen compared to CA1 or CA3 after 3 KA. (E) Quantification of the P30 age groups show significant
injury in CA1 compared to CA3 after 1 KA or 3 KA. The amount of CA1 damage is similar to that of the CA3 damage after
3 KA. Error bars represent the standard error of the mean (S.E.M.) of values from 10 to 16 animals (*p < 0.05;
**p < 0.0001, one-way ANOVA).CA3: 54  9, n = 6, p < 0.0001) but the total number
of injured cells was significantly lower (total counts
847  139, n = 7 versus P20 total counts 6 d:
590  75, n = 6, p > 0.05). The CA3 was again not
significantly protected after 3 KA confirming the
regional effect was specific to CA1-CA2 neurons.
Similar counts were found with H&E staining (not
illustrated). The effects induced by neonatal sei-
zures within the hippocampus was long lasting.
Discussion
A main finding of the present in vivo study is that
early-life seizures occurring in the first or second
weeks of postnatal development do not enhance
seizure-induced damage later in life, but rather
lead to tolerance with a selective protection of
CA1 hippocampal neurons. Our study also showed
that the protection mechanism induced is long last-
ing, for at least 3 weeks which may correspond to
several years in human life. Because there was an
age-dependent switch in neuronal vulnerability in
response to a single episode of KA-induced status
epilepticus from almost no damage in the first twoweeks of life irrespective of number of seizures to
selective injury in CA1/CA2 regions at the prepu-
bescent ages (P20—P30) to preferential CA3 injury in
adulthood (P60) signifies that early-life seizures can
alter the natural course of seizure-induced damage
and that certain developmental events must occur
before seizures can have pathological conse-
quences. An induced tolerance by early-life seizures
expressed as selective protection of CA1 neurons is
in accordance with other in vivo and in vitro studies
that showed prior seizures can protect against sub-
sequent seizures in adult tissue.33,35,48,49 Resistance
to damage after multiple neonatal KA injections
herein is also consistent with other reports as serial
KA seizures first initiated at a later age (e.g. P20)
also reduced subsequent seizures and damage.50
Another example is that KA-induced neuronal
damage in the hippocampus was fully protected
by prior systemic administration of NMDA. Together
data suggest that induction of tolerance occurs by
prior excitotoxin exposure. On the other hand, Koh
et al. reported that KA administered at P15
enhances seizure-induced damage at P45. In addi-
tion, flurothyl seizures induced during the first 5
days of life resulted in enhanced damage that was
12 H. Liu et al.subsequently induced by KA at prepubescent and
adult ages.29 The differences in the results may be
due to timed events triggered by the first seizure
that may be age-dependent and related to the type,
intensity and duration of initial seizures induced.
Another important finding was that although CA3
injury clearly increased with age the amount of
injury observed in the CA3 was not affected by a
history of neonatal seizures such that the CA3 was
not protected nor was the injury enhanced. There-
fore, the timing of the first insult is critical to
clinical outcomes.
Delayed CA1 neuronal loss is thought to occur by
apoptotic mechanisms after seizures or ische-
mia.51—53 Interestingly, the CA1 develops with an
outside-in gradient so that the inner layer matures
prior to the outer layer.54 In our study, the inner
layer neurons were affected in the P20—P30 age
groups injected with 1 KA showing that the older
cells are more vulnerable. Because the decrease in
the number of healthy cells did not reach statistical
significance when compared with P30 rats with 1
KA suggest that few or no cells actually drop out
after single or multiple injections of KA at the ages
examined. However because there was significant
shrinkage in the CA1 cell layer without cell loss in
the P30 animals particularly if they had a previous
history of seizures suggests that some apoptosis
could have occurred earlier or that multiple seizures
can cause hippocampal shrinkage without actually
killing neurons. This may be due to loss of supporting
cells that were not evaluated. Because the damage
was primarily located in the CA1 cell body and the
first appearance of injury was much more delayed
compared to adults with 1 KA and the total number
of non-injured and injured cells did not change at
the times examined suggests that much of the injury
could be transient, as suggested by earlier stu-
dies.11,23,24 Accordingly, Humphrey et al.56 showed
that early intracerebroventricular (i.c.v.) adminis-
tration of KA at P7 results in dose and age-depen-
dent neuronal loss of CA3 followed by CA1
populations over time by apoptosis, but the CA1
loss does not begin until pubescence (P40) indicating
that cell death is delayed and differentially regu-
lated after the first insult.
In contrast to adults,56—60 immediate early genes
(IEGs), nerve growth factors (e.g. NGF, BDNF) and
heat shock proteins (HSPs) are not well activated by
seizures at young ages such as at P10 or P21 except
in the region of the dentate gyrus suggesting
that growth factors may not be responsible for
the observed increases in precursor prolifera-
tion.25,61—63 However, seizure activity in adults
has also been shown to increase the expression of
certain neural growth factors such as bFGF64 andEGF-like molecules65 and these have not yet been
measured in pups after seizures. Additionally, BDNF
was reported to increase in the hippocampal CA3 of
the limbic systemasearly as P7 andmay contribute to
long-term survival.66 Another possibility is seizure-
induced upregulation of vascular endothelial growth
fact (VEGF)may prevent cell injury as observed after
hypoxia and pretreatment with recombinant VEGF.67
Thus, certain growth factors that are differentially
regulated in development after seizuresmay support
mitogenesis and cell differentiation to afford selec-
tive protection. In addition, repeated exposure to
high corticosteroid (CORT) levels that is associated
with seizures has been implicated in the neuronal
death in adult animals.68 For example, blockingCORT
synthesis with metyrapone attenuates brain damage
associated with KA seizures and focal or global
ischemia.69 Moreover, prolonged CORT treatment
that reduces plasma CORT levels also attenuates
hypoxia/ischemia-induced seizures and damage70.
However, the amount of hormone excreted in devel-
opment could be a critical factor as seizure-stimu-
lated release of CORT levels increase with each
postnatal week due to higher capacity of the adrenal
glands to secrete hormones.71 Thus, measurement of
CORT levels at times after multiple neonatal seizures
is in progress to determine whether early-life sei-
zures produce tolerance by reducing secondary sei-
zure-induced plasma CORT level responses as a
potential underlying mechanism of neuroprotection.
Interestingly, expression of calcium binding pro-
teins is developmentally regulated such that calbin-
din D-28k first predominates in the dentate granule
cell layer then is expressed at high levels in the CA1
in adulthood, possibly contributing to the matura-
tional switch in CA1 to CA3 neuronal vulnerabil-
ity.72,73 On the other hand, recent studies do not
support an active role for calcium-binding proteins
protecting against excitotoxicity in the hippocam-
pus or in cultured neurons. For example, calretinin-
containing neurons in cortical primary cultures
derived from E14 rat embryos were not resistant
to either kainic acid or a brief calcium overload
induced by the calcium ionophore A23187.74
Similarly, parvalbumin-deficient, parvalbumin/
calbindin-deficient, and parvalbumin/calretinin-
deficient mutant mice had no changes in morphol-
ogy compared to wild-type nor were they more
vulnerable to kainate seizure-induced excitotoxi-
city, and they exhibited the same pattern of neu-
rochemical alterations as wild-type animals.75 An
intriguing concept is that conversion of inactive-to-
active glutamatergic synapses on interneurons can
occur by a calcium-calmodulin pathway to influence
the observed maturational changes in hyper-excita-
tion and cell injury.76,77
Protection of early-life seizures 13The EEG showed higher sensitivity to seizures at
P13 than at P20 and P30 although animals had the
same history of neonatal seizures. This corre-
sponded with the natural prepubescent period of
reduced response to KA10 and may be due to indu-
cing KA receptor downregulation or desensitisa-
tion.78 However, desensitization of KA receptors
may not last for several days or weeks and presum-
ably occurs in both CA1 and CA3 neurons. The
reduction in spike amplitude observed herein alone
could not explain the selective neuroprotective
effects at P20 since P30 animals had reduced CA1
damage but without a significant reduction in spike
amplitude. In addition, the P13 age group remained
relatively resistant to damage despite increased
spiking events with larger amplitudes after 3
KA. Because CA1 and CA2 damage were not posi-
tively correlated with CA3/hilar or DG damage but
total injury was correlated with seizure severity
suggests that the extent of damage but not the
location of the damage is correlated with behavior
or EEG changes. Thus, the seizure severity per se is
not responsible for the age-dependent changes in
patterns of damage, from CA1/CA2 to CA3/hilar
with increasing age.
The change in hyperexcitation at P13 might be
related to a heightened sensitivity of CA1 apical
dendrites to seizure-induced release of glutamate
that exists during the same critical window for
increased epileptogenesis.79 In keeping with this,
the effects of three consecutive seizures induced by
pilocarpine that were initiated during the 2nd post-
natal week (P7, P8 and P9) resulted in an increase in
seizure severity, spontaneous exploratory behavior,
and learning impairment in adulthood.80 This was
similar to the P13 but not P20—P30 age groups of our
study indicating that there are maturational differ-
ences. Additionally, hypoxia-induced seizures in P10
rat pups, but not at younger or older ages, cause
increases in seizure susceptibility when animals
mature to adults.81 Hence, it appears that a devel-
opmental window determines whether the initial
seizure will increase or decrease seizure severity
and be neuroprotective or neurotoxic against sei-
zures later on.
Elevated levels of extracellular potassium [K+]o
previously measured in the immature brain82,83 was
proposed to contribute to the increased suscept-
ibility to seizures at young ages.84,85 An intriguing
study by Stringer and Lothman86 showed that there
were no differences in hippocampal peak levels of K+
in rat pups from P10—27, similar to the ages exam-
ined herein. It was found that [K+]o increases
induced by 4-aminopyridine were reduced in slices
prepared from previously exposed pilocarpine-trea-
ted rats.87 Therefore, an increase in efficacy tobuffer [K+]o may or may not be responsible for the
switch in the amount of paroxysmal activity
recorded or selective neuroprotection of CA1 neu-
rons. An alternative explanation may come from
transgenic animals with upregulation of an ATP-
sensitive potassium (KATP) channel receptor as this
significantly reduces seizures and damage and may
play a role in the maturational changes in parox-
ysmal activity and neuroprotective pattern.88 In
keeping with this, K-Cl transporter mRNA expression
and translated channel clustering are developmen-
tally regulated in various brain regions including the
hippocampus.89—91 Activation of K-Cl transporter
function by protein tyrosine kinases appears impor-
tant in mediating the developmental switch of
GABAergic inhibition92 and disruption of a specific
subtype (e.g. KCC2) increases seizure susceptibility
in young and adult animals.93 Distinct distributions
of intracellular Ca+2-pumping ATPase among hippo-
campal neurons may also play a critical role, as IP3
Ca+2-sensitive receptors are concentrated in CA1
neurons and ryanodine Ca+2-sensitive receptors
are enriched in CA3/hilar neurons.94 All of these
studies support an important role for K+ receptor
channels and developmental regulation of Ca+2-sen-
sitive receptors in controlling hyperexcitability with
maturation and alterations in their function by
perinatal seizures may play a role in the selective
and age-dependent neuroprotection observed.
In conclusion, the results demonstrate that early
perinatal seizures do not significantly shift the win-
dow of hippocampal vulnerability to an earlier age
but induce long-term neuroprotection. Our study
also indicates that endogenous properties of toler-
ance differ within the pyramidal cell layer with
increasing age particularly between CA1 versus
CA3 neurons that may determine whether a cell will
live or die after seizures.
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